INTRODUCTION
Streptococcus pneumoniae is a Gram-positive bacterium that frequently causes invasive diseases such as acute pneumonia, sepsis, and meningitis in infants, the elderly, and immunocompromised individuals. 1 An essential prerequisite for invasive pneumococcal infection of the lung involves the microaspiration of S. pneumoniae into the airway lumen. Upon entry into the lung, invading bacteria encounter the first line of defense, composed of the lung epithelium, alveolar macrophages (AMs), and dendritic cells (DCs). These cells recognize S. pneumoniae via pathogen recognition receptors like Toll-like receptors (TLRs). 2 Bacterial cell wall and membrane components such as peptidoglycan, lipoproteins, and lipoteichoic acid serve as TLR2 ligands, 3, 4 whereas intracellularly located unmethylated CpG-containing DNA is recognized by TLR9. 5, 6 Moreover, S. pneumoniae-secreted toxins like the hemolytic pneumolysin, a key virulence factor, activate TLR4. 7, 8 TLR activation in AMs induces several effector functions against S. pneumoniae infection to contain and eradicate bacteria, including phagocytosis, secretion of proinflammatory cytokines, and the induction of apoptosis. 9 One of the first proinflammatory cytokines released upon S. pneumoniae infection is tumor necrosis factor a (TNFa), which acts in concert with the chemoattractants CXCL1 (KC, keratinocyte chemoattractant) and CXCL2 (MIP-2, macrophage inflammatory protein 2) to recruit polymorphonuclear neutrophils (PMNs) from the periphery to the lungs. subsequent exposure to antimicrobial peptides. 15 In contrast to AMs and PMNs, the phagocytic and bactericidal capability of DCs is reduced. 16 During infection, resident DCs within the pulmonary interstitial spaces extend their protrusions through the lung epithelium into the alveolar lumen to sample antigens and pathogens. 17 Upon antigen encounter, DC subsets such as CD103
þ DCs preferentially migrate to lung-draining lymph nodes (LNs) in a CCR7-dependent manner. DCs pulsed with intact pneumococci are potent activators of the adaptive immune system. 18 Besides innate immune cells, the lung epithelium consisting of several specialized cell types also expresses TLRs and contributes to innate immune responses. 19 Club cells (CCs, formerly known as Clara cells) are lung epithelial cells expressing TLR4, among other pathogen recognition receptors, that line the bronchiolar airways down to the alveoli, where S. pneumoniae preferentially causes invasive disease. 20 Hence, CCs can be triggered to secrete inflammatory cytokines along with antimicrobial peptides, but their role in pneumococcal defense in vivo remains elusive. 21, 22 Surfactant protein D (SP-D), expressed by alveolar type II cells and CCs, is important for surfactant homeostasis and also serves as an antimicrobial peptide. [23] [24] [25] Furthermore, patients with SP-D deficiency or genetic polymorphisms are more prone to recurrent pneumonia compared to control patients. 26, 27 All these different cell types share common TLR expression in order to exert specific antibacterial functions. However, the activation of individual TLRs has a limited relevance in S. pneumoniae immunity as suggested by single TLR-deficient mice, which are able to clear the infection. 8, 28, 29 Myeloid differentiation factor 88 (MyD88) is the central signal transduction protein for most TLRs, except for TLR3 and partially for TLR4, and is required for the activation and translocation of nuclear factor-kB into the nucleus and the induction of proinflammatory gene expression. In addition to TLR, interleukin-1 receptor (IL-1R) signaling is also mediated by MyD88 but similar to single TLR deficiency negligible in pneumococcal immunity. 10, 30 Mice deficient in MyD88 (MyD88 À / À ) display impaired innate immune responses reflected by the absence or low levels of proinflammatory cytokines and phagocytic cells, and hence increased bacterial burden. In addition, MyD88
À / À mice are highly susceptible to S. pneumoniae and die early after infection. 31 Thus, during pneumococcal infection, innate signaling via MyD88 is essential. Yet, despite being the fact that complete deficiency of MyD88 strongly reduces antibacterial responses against S. pneumoniae, the precise contribution of cell type-specific MyD88 signaling provided by hematopoietic and lung epithelial cells in the control of pneumococci remains unclear. To date, the lack of transgenic mouse models for specifically targeting MyD88 in distinct cell subsets has constrained our understanding of MyD88 signaling in innate immune responses against S. pneumoniae and other pathogens. 32 In this study, we made use of novel mouse models in which MyD88 expression is restricted to myeloid-derived or lung epithelial cells. We demonstrate that MyD88 signaling in AMs, DCs, and PMNs is crucial for initiating proinflammatory cytokine release and subsequent bacterial eradication, whereas MyD88 signaling in CCs is needed for the enhanced production of antimicrobial peptide to restrict bacterial outgrowth. Our results show that the concerted action of hematopoietic and lung epithelial cells, via MyD88 signaling, is essential for protective immune responses against S. pneumoniae.
RESULTS

Complete protection against pneumococcal infection requires MyD88 signaling in hematopoietic and nonhematopoietic cells
To address the precise role of MyD88-dependent immune responses derived from the hematopoietic and non-hematopoietic compartment, we first generated wild type (WT) and MyD88 À / À bone marrow (BM) chimeric mice. The degree of chimerism after lethal irradiation and BM transfer was monitored (except for the MyD88 group) using WT mice expressing the congenic marker Ly5.1 either as BM donor
. First, we evaluated disease survival to determine whether compartment-specific MyD88 signaling is sufficient to rescue mice from S. pneumoniae infection. For this purpose, we used the S. pneumoniae TIGR4 strain, commonly found in patients with invasive infection. 33 Furthermore, the kinetics of bacterial dissemination was followed using the isogenic luciferase-expressing TIGR4X strain 31 and the in vivo imaging system (IVIS) Spectrum computer tomograph (CT) imager (Supplementary Figure S1 online). BM-reconstituted mice were inoculated intranasally with 0.2 Â 10 6 colony-forming units (CFUs) of S. pneumoniae (termed low dose, since higher dosages caused death in 430% of WT mice; Supplementary Figure S2a) , and survival was assessed for 336 h (14 days). Consistent with previous findings, 31 our results show that 90% of the mice fully sufficient for MyD88 signaling (Ly5.1-WT) survived the infection, whereas all MyD88-deficient mice (MyD88 À / À -MyD88 À / À ) succumbed before 85 h ( Figure 1a and Supplementary Figure S1 ). Interestingly, mice expressing MyD88 only in hematopoietic (Ly5.1-MyD88 À / À ) or non-hematopoietic (MyD88 À / À -Ly5.1) cells showed a survival rate of B40%, indicating that MyD88 signaling in either the hematopoietic or non-hematopoietic compartment critically contributes to the protective response against S. pneumoniae infection.
To further investigate the role of MyD88 signaling during S. pneumoniae infection, we analyzed inflammatory cytokine production as well as PMN infiltration of low-dose-infected mice18 h post infection (p.i.) WT and MyD88 À / À mice showed no significant differences in lung TNFa, IL-6, or total PMN numbers, although at this time point bacterial burden was significantly increased in MyD88-deficient mice compared to WT mice (Supplementary Figure S2b) . To examine if this phenotype was influenced by the dose of inoculum, BM chimeric mice were infected with 2 Â 10 6 CFUs of S. pneumoniae (termed high dose), and the number of CFUs in lung homogenates was analyzed. Bacterial loads in WT-Ly5.1 mice were barely detectable, whereas in MyD88 À / À -MyD88 À / À mice, the number of bacteria was 410 4 CFUs per lung. Ly5.1-MyD88 À / À and MyD88 À / À -Ly5.1 mice also showed increased CFUs in comparison to the WT group, but significantly less than in MyD88-deficient mice (Figure 1b) . Together, these data suggest that MyD88 signaling in both the hematopoietic and non-hematopoietic compartment is required for the control of bacterial replication in the lung.
Since decreased bacterial burden implies an initial functional innate immune response, we next analyzed pulmonary proinflammatory cytokine and chemokine expression. In MyD88-sufficient (WT-Ly5.1) mice, S. pneumoniae induced a robust TNFa and IL-6 release 18 h p.i. (Figure 1c) . TNFa levels were also strongly enhanced in infected Ly5.1-MyD88 À / À mice, whereas infected MyD88 À / À -Ly5.1 and MyD88
À / À -MyD88
À / À mice showed levels comparable to the uninfected group, indicating that TNFa production is MyD88-dependent and restricted to the hematopoietic compartment, as previously suggested. 34, 35 In contrast, lung IL-6 and to a lesser extent the PMN-attracting chemokines MIP-2 and KC increased upon infection in mice sufficient for MyD88 signaling in the hematopoietic, the non-hematopoietic, or both compartments, whereas MyD88 À / À -MyD88 À / À mice showed IL-6, MIP-2, and Ly5.1 → WT (n=20) Figure 1 Myeloid differentiation factor 88 (MyD88) signaling in hematopoietic and non-hematopoietic cells is necessary for survival and chemokinedependent neutrophil recruitment. Lethally irradiated recipient Ly5.1 (wild type mice expressing the congenic marker Ly5.1) or MyD88 À / À mice were reconstituted with bone marrow (BM) cells from donor wild type (WT), Ly5.1 or MyD88 À / À mice. After 8 weeks of reconstitution, mice were intranasally inoculated with either a low dose (a) or a high dose (b-e) of Streptococcus pneumoniae. (a) Survival curve of S. pneumoniae-infected BM chimeric mice. Data are pooled from four individual experiments with three to eight mice per group. Statistics were calculated using log-rank (Mantel-Cox) test; **Po0.01 and ***Po0.001. (b) S. pneumoniae burden in total lung homogenates 18 h post infection (p.i.) (c) Tumor necrosis factor a (TNFa), interleukin-6 (IL-6), and (d) macrophage inflammatory protein 2 (MIP-2) and keratinocyte chemoattractant (KC) levels in total lung homogenates 18 h p.i. measured by enzyme-linked immunosorbent assay (ELISA KC levels comparable to uninfected mice (Figure 1c,d) . Furthermore, the total number of PMNs in the lungs of Ly5.1-MyD88 À / À mice and MyD88 À / À -Ly5.1 mice was comparable to WT-Ly5.1, whereas MyD88 À / À -MyD88 À / À mice completely lacked PMN recruitment (Figure 1e) . Thus, MyD88 signaling either in hematopoietic or non-hematopoietic cells is crucial for IL-6, MIP-2, and KC production as well as PMN recruitment to the site of infection.
Together, these data suggest that even though MyD88 signaling in either the hematopoietic or non-hematopoietic compartment improves bacterial clearance, initiates proinflammatory cytokine release and prolongs survival, complete protection against S. pneumoniae infection requires MyD88 signaling in both immune and non-immune cells. Figure S3a) .
To further elucidate the relevance of MyD88 signaling in CCs upon S. pneumoniae infection, we next analyzed proinflammatory cytokine and chemokine expression. As expected from our results using BM chimeras, S. pneumoniae infection caused a significant increase in TNFa production in WT mice, while in
CCSP-MyD88
ON and MyD88 OFF mice, TNFa levels were as low as in uninfected controls (Figure 2c ). In contrast, in CCSP-MyD88 ON mice, IL-6, MIP-2, and KC levels although lower than in WT controls were significantly higher than in MyD88 OFF mice (Figure 2c,d) . Similarly, WT and, to a lesser extent CCSP-MyD88 ON mice, showed increased PMN numbers in the lung compared to MyD88 OFF mice (Figure 2e ). Thus, our data suggest that while TNFa production in response to S. pneumoniae is strictly dependent on MyD88 expression in hematopoietic cells, IL-6, MIP-2, and KC secretion and thus, recruitment of PMNs to the lungs, is partially dependent on MyD88 expression in CCs.
In addition to the extensive PMN infiltration of the lungs, it has been described that S. pneumoniae infection is accompanied by transient immunopathology characterized by a marked inflammatory reaction, disruption of normal airway architecture, local bleeding, and alveolar exudates. 31 Indeed, pulmonary tissue from WT mice stained with hematoxylin and eosin showed pronounced inflammatory cellular infiltration and local epithelial injury ( Figure 2f and Supplementary Figure S4a) . In contrast, the lungs of CCSP-MyD88 ON Figure 2g and Supplementary Figure S4b) . In summary, although reactivation of MyD88 signaling in CCs contributes to chemokine expression and PMN recruitment, it is insufficient to provide complete protection against pneumococcal infection.
CCs produce MIP-2, IL-6, and SP-D in a MyD88-dependent manner during pneumococcal infection
To determine whether intrinsic MyD88 signaling in CCs directly triggers the production of IL-6 and MIP-2 by these cells, or whether indirect effects on hematopoietic cells are responsible for the production of these inflammatory mediators, we made use of CCSP-Cre mice crossed to red fluorescent protein (RFP) reporter mice, thereby terminally labeling CCSP þ cells with RFP expression driven by the ubiquitous ROSA26 promoter. 39 Lung sections from CCSP-RFP mice showed RFP signals only within cells located in the bronchiolar airways confirming specific RFP expression in CCs (Figure 3a) . Subsequently, we infected CCSP-RFP mice and sorted RFP þ CCs 18 h p.i. RFP þ CCs from infected and uninfected CCSP-RFP mice showed equally low Tnfa levels, whereas increased Il6 and Mip2 transcript levels were detected in CCs from infected CCSP-RFP mice compared to uninfected controls ( Figure 3b) Figure S5) . Thus, upon S. pneumoniae infection CCs produce IL-6 and MIP-2 in a MyD88-dependent cell-intrinsic manner. S. pneumoniae leading to enhanced phagocytosis of bacteria by PMNs. 40 In addition, SP-D-deficient mice show an increased susceptibility to colonization and infection with S. pneumoniae even though recruitment of PMNs is not altered. 41 Therefore, we analyzed SP-D levels within bronchoalveolar lavage (BAL) of infected and uninfected mice. Remarkably, WT and CCSP-MyD88 ON mice had equally increased SP-D levels, whereas MyD88 OFF mice showed no increase in SP-D compared to uninfected controls ( Figure 3c and Supplementary Figure S6a) .
Altogether, our data indicate that during S. pneumoniae infection intrinsic MyD88 signaling in CCs is required for IL-6, MIP-2, and SP-D production, but not for TNFa secretion.
MyD88 signaling in CD11c
þ and LysM þ cells is required for early innate responses, but does not prevent bacterial dissemination MyD88 signaling in lung epithelial CCs led to proinflammatory cytokine secretion and restored SP-D production. However, CCSP-MyD88 ON mice succumbed to pneumococcal infection due to uncontrolled bacterial outgrowth. Early bacterial clearance is one major function of lung-resident hematopoietic cells, such as AMs and DCs, followed by PMNs. To define the role of MyD88 signaling in these cell populations, we crossed MyD88 OFF mice to CD11c-Cre mice 42 or LysM-Cre mice 43 (expressing Cre recombinase under the control of Cd11c (Itgax) or the LysM promoter, respectively), only the offspring homozygous for MyD88 OFF and transgenic for Cre (termed CD11c-MyD88 ON and LysM-MyD88 ON mice) will have functional Myd88 gene expression in CD11c þ or LysM þ cells. Because CD11c is considered as a crucial marker for DCs within the lungs but is also expressed in AMs, 44 and LysM was shown to be expressed predominantly in AMs and PMNs, 43 we first evaluated the targeting efficiency in the lungs using CD11c-Creand LysM-Cre-RFP reporter mice. In CD11c-RFP mice, 80% of AMs, 70% of DCs, and o5% of PMNs were RFP þ . In contrast, LysM-RFP mice targeted B75% of AMs and only 20% of PMNs and DCs (Supplementary Figure S7a and b) . Lung histology of CD11c-RFP and LysM-RFP mice showed RFP signals only within cells located in pulmonary parenchyma, thus confirming RFP expression exclusively in hematopoietic-derived cells (Supplementary Figure S7c) .
To Figure S8a) . Computed tomography scanning at 67 h p.i. showed that S. pneumoniae disseminated across the whole lungs in CD11c-MyD88 ON , LysM-MyD88 ON , and MyD88 OFF mice (Supplementary Figure S8b) .
To (Figure 4b and Supplementary Figure S3b) .
Reactivation of MyD88 signaling in CD11c þ or LysM þ cells was sufficient to restore total lung TNFa, IL-6, MIP-2, and KC to WT levels, whereas MyD88 OFF mice produced significantly less inflammatory cytokines (Figure 4c,d) Figure S9a) . In turn, the levels of Myd88, Tnfa, and Mip2 in the PMN population were similar between LysM-MyD88 ON and WT mice, but reduced in the CD11c-MyD88 ON group. However, WT, CD11c-MyD88 ON , and, to a lesser extent, LysM-MyD88 ON mice showed significantly more PMNs than MyD88 OFF mice, demonstrating that MyD88 signaling in CD11c þ or LysM þ cells is sufficient for the initiation of PMN recruitment to the site of infection (Figure 4e ). Hematoxylin and eosin staining of WT, CD11c-MyD88 ON , and LysM-MyD88
ON pulmonary tissue showed a pronounced inflammatory cellular infiltration and local epithelial injury, whereas the lungs of MyD88 OFF mice showed significantly reduced pathology scores in comparison to the aforementioned groups ( Figure 4f and Supplementary Figure S4c) . In addition, WT, CD11c-MyD88 ON , and LysM-MyD88 ON mice showed an extensive MPO þ PMN infiltration in comparison to MyD88 OFF mice (Figure 4g and Supplementary Figure S4d) . Thus, MyD88 reactivation in CD11c þ and LysM þ cells is sufficient to restore early innate responses, but not for complete bacterial control.
Apoptosis of AMs has been proposed as a crucial mechanism contributing to the clearance of pneumococcal infection. 45 Inflammatory PMNs participate in this process by increasing TNF-related apoptosis-inducing ligand (TRAIL) expression, thus leading to caspase-3 activation in AMs. 45 Figure  S9b) . Moreover, AMs and PMNs isolated from WT, CD11c-MyD88 ON , and LysM-MyD88 ON mice, showed significantly higher caspase-3 and Trail transcript levels, respectively, than MyD88 OFF cells (Supplementary Figure  S9a) , suggesting that this mechanism is intact in CD11c-MyD88 ON and LysM-MyD88 ON mice. In contrast to phagocytic AMs and PMNs, DCs have less antibacterial activity and rather link the innate and adaptive immune system by presenting processed antigens from the lung lumen to T-cells in the peripheral LNs. Particularly, CD103 Figure S10a) . Since migration of DCs to lung-draining LNs was shown to be CCR7-dependent, 46 (Figure 4h and Supplementary Figure S6b) .
In conclusion, reactivation of MyD88 signaling in CD11c þ or LysM þ cells is sufficient to restore proinflammatory cytokine responses and to recruit PMNs to the site of infection. Likewise, MyD88 signaling is required for the induction of AM apoptosis by initiating Trail and caspase-3 induction. However, CD11c-MyD88 ON and LysM-MyD88 ON mice have an impaired pneumococcal clearance leading to delayed bacterial outgrowth and increased mortality, which might be at least in part due to diminished upregulation of epithelial-derived antimicrobial peptides. Since MyD88-dependent antimicrobial peptide production in lung epithelial CCs critically contributed to S. pneumoniae containment, we analyzed lung bacterial burdens in BM chimeric mice. CFUs in WT-WT mice were comparable between CD11c-MyD88 ON -WT and LysM-MyD88 ON -WT mice. Contrary to this, MyD88 OFF -WT mice had strongly increased CFUs in comparison to WT-WT mice but still significantly less bacterial burden than MyD88 OFFMyD88 OFF mice (Figure 5d) . Therefore, MyD88 signaling in lung epithelial cells, AMs and PMNs is required to efficiently eradicate bacteria.
Furthermore, we infected the mice with a low dose of S. pneumoniae and monitored their survival over 14 days. Consistent with the results obtained in Figure 1a, (Figure 5f ), demonstrating that MyD88 signaling by CCs and CD11c þ or LysM þ cells is critically needed within the early phase of infection to rescue mice from an otherwise lethal outcome.
In summary, our data suggest that MyD88 mediated proinflammatory responses in lung epithelium, AMs, and PMNs are required and act in concert to control and clear S. pneumoniae infection.
DISCUSSION
The central importance of MyD88 signaling during S. pneumoniae infection for the induction of a protective immune response is demonstrated by the high susceptibility and early death of MyD88-deficient mice. 31 In humans, polymorphisms in genes encoding TLRs have been associated with enhanced susceptibility to recurrent infection with pyogenic bacteria, in particular with S. pneumoniae. 47 Mice with individual TLR or IL-1R knockouts were shown to have defects in early proinflammatory responses such as reduced cytokine and chemokine levels, delayed PMN recruitment, or less phagocytic activity within the first hours after S. pneumoniae infection. 8, 10, 28, 29 Nevertheless, these impaired initial responses had only partial consequences in establishing functional protection, since the majority of mutant mice survived the infection. Hence, single TLR or IL-1R deficiency has a limited importance in protection against S. pneumoniae. In contrast, MyD88, the central adapter protein for most TLRs and the IL-1R, is of utmost relevance during pneumococcal immunity, suggesting a certain degree of redundancy of pathogen recognition receptors. 30, 31 A variety of cell types of hematopoietic and non-hematopoietic origin express MyD88 to induce different inflammatory responses against several pathogens. 35, 36, [48] [49] [50] [51] Until now, the cell type-specific role of MyD88 signaling in control and eradication of pneumococci in the respiratory tract remains largely unexplored. In this study, we dissect MyD88 signaling from epithelial and hematopoietic cells during S. pneumoniae infection. To this end, we used BM chimeric mice, as well as conditional MyD88 knockin mouse lines, to gain further insights into the cell-specific contribution of MyD88 in initiating protective immune responses against pneumococcal infection. We demonstrate that both, the hematopoietic and non-hematopoietic compartment are critically dependent on MyD88 for sufficient control and eradication of lung invading S. pneumoniae.
PMN recruitment to the site of infection is a central prerequisite for bacterial eradication, since mice devoid of PMNs, by either using antibody depletion or MIP-2 neutralisation, display increased bacterial outgrowth and mortality upon S. pneumoniae or Klebsiella pneumoniae infection.
12,52 Our study shows that functional MyD88 signaling in either the hematopoietic or the non-hematopoietic compartment has a critical role for the recruitment of PMNs by the release of PMN-attracting chemokines MIP-2 and KC. Airway epithelial cells have been shown to contribute to this process in a variety of experimental systems in vivo. 22, 34, 50, 53, 54 In line with our data, pulmonary Pseudomonas aeruginosa infection or lipopolysaccharide (LPS) challenge using MyD88 BM chimeras, showed that lung epithelial cells expressed MIP-2 and/or KC to promote PMN recruitment in a MyD88-dependent manner. 34, 53 However, these experiments did not define which specific lung cell subsets are the most relevant for the chemokine secretion. Recently, it has been shown that the transformed murine CC cell line, C22, as well as ex vivo-isolated CCs can be stimulated to induce chemotactic cytokine production upon LPS treatment. 21 Similarly, Statistics were calculated using Mann-Whitney test; *Po0.05, **Po0.01, and ***Po0.001. (e,f) Data are pooled from two individual experiments with three to six mice per group. Statistics were calculated using log-rank (Mantel-Cox) test; *Po0.05, **Po0.01, ***Po0.001, and ns, not significant.
MyD88-dependent activation of CCs in airway inflammation with live P. aeruginosa was demonstrated. 35 The authors used a MyD88 cDNA under the control of the rat CCSP promoter expressed in MyD88-deficient mice. P. aeruginosa-infected transgenic mice produced sufficient chemokines to recruit PMNs and to clear the infection. 35 In contrast, our data show that upon S. pneumoniae infection, MyD88 signaling in CCs induces MIP-2 and KC production as well as PMN recruitment, albeit to a lower extent than in WT mice. Furthermore, CCSP-MyD88 ON mice failed to clear the infection. Differences between the two studies could be attributed to the different nature of the pathogens used. P. aeruginosa, a Gram-negative bacterium, activates a different set of pathogen recognition receptors than the Gram-positive S. pneumoniae. In addition, Mijares et al. used mice on a mixed genetic background not fully backcrossed onto the C57Bl/6J. In addition, in their study, Myd88 expression was under the control of the rat CCSP promoter, unlike our model, which uses the endogenous Myd88 promoter elements and is therefore subjected to more physiological regulation. 32 Besides CCs, other lung epithelial cells such as alveolar type I and II cells have been shown to contribute to PMN recruitment. 54 We observed greater PMN recruitment in BM chimeric mice expressing MyD88 within the whole lung epithelium compared to CCSP-MyD88 ON mice, suggesting that chemokine secretion by several epithelial cells is needed for efficient chemotaxis. A certain level of redundancy might, however, exist between the non-hematopoietic and the hematopoietic compartment, as MyD88 signaling in CD11c þ or LysM þ cells was sufficient to restore chemokine levels and thus PMN numbers to WT levels.
Proinflammatory cytokines, such as IL-6 and TNFa promote not only the recruitment but also PMN activation.
12,55,56 IL-6 plays an important role in the regulation of TNFa, interferon-g, and MPO secretion during pneumococcal infection, and deficiency in IL-6 leads to higher susceptibility and lethality. 56 TNFa has been shown to be essential for the initiation of S. pneumoniae immunity, since depletion of TNFa prior to infection increases the susceptibility and mortality rate. 10, 11, 13 In addition, TNFa has been shown to compensate for host IL-1 type I receptor deficiency, demonstrating that TNFa is more relevant for host defense against S. pneumoniae than IL-1.
10
PMN-derived interferon-g was postulated to be critical in S. pneumoniae immunity by partially regulating the formation of neutrophil extracellular traps and inducing apoptosis, both contributing to bacterial clearance. 57 However, we could not observe any MyD88-dependent differences in interferon-g production. Upon pneumococcal infection WT, CD11c-MyD88 ON , LysM-MyD88 ON , and MyD88 OFF mice showed equally elevated interferon-g levels (data not shown). Here, we show that upon pneumococcal infection, secretion of TNFa unlike IL-6, is critically dependent on intrinsic MyD88 signaling in the myeloid cell compartment, as previously postulated for other bacterial infections. 34, 35 Recruited PMNs in CCSP-MyD88 ON ON and LysM-MyD88 ON mice, we cannot exclude indirect cytokine-mediated activation of PMNs independent of intrinsic MyD88 signaling, for example, via AM-derived IL-6. New and more specific Cre lines will therefore be needed to dissect the direct vs. indirect contribution of MyD88 signaling in the different myeloid cell populations.
Isolated primary AMs from MyD88 À / À mice have been shown to have a reduced uptake of pneumococci, providing an explanation as to why pneumococcal outgrowth and systemic spread is strongly enhanced in mice deficient for MyD88 signaling in hematopoietic cells. 28 In addition, upon S. pneumoniae infection, AMs have been shown to undergo apoptosis. This represents a critical host response that contributes to bacterial eradication and to the resolution of inflammation in the lungs.
14,58 Caspase-3 is a frequently activated protease in cell apoptosis and was shown to be relevant in S. pneumoniae-induced apoptosis in AMs in cooperation with TRAIL expression in PMNs. 45 Our results show that MyD88 signaling in AMs critically contributes to the induction of caspase-3 expression and TRAIL might be involved in this process in a MyD88-dependent manner.
The key finding in our study, that MyD88 signaling solely in hematopoietic or non-hematopoietic cells was not sufficient to eradicate bacteria as in WT mice reveals the crucial interplay of both compartments and draws the focus on epithelial cell-derived mediators in pneumococcal clearance. Besides the release of chemokines and cytokines, lung epithelial cells secrete a large array of bacteriostatic or bactericidal molecules. These antimicrobial peptides protect from invading pathogens by several mechanisms, including opsonization, pore formation, or direct bacterial killing. 59 Lung epithelial CCs secret several antimicrobial peptides, of which SP-D is consistently reported to be crucially involved in S. pneumoniae immunity. SP-D efficiently binds and aggregates pneumococci in vitro. 40 Furthermore, SP-D-deficient mice as well as humans have an increased susceptibility to S. pneumoniae infection. 26, 27, 41 Here, we demonstrate that MyD88 signaling in CCs, but not in myeloid cells, is required for the enhanced production of SP-D in response to S. pneumoniae infection. This may contribute to the clearance of pneumococci, as illustrated by BM chimeric mice with functional MyD88 signaling in lung epithelial cells and either CD11c þ or LysM þ cells, where the bacterial burden was comparable to WT mice. Further studies will be necessary to analyze the contribution of other antimicrobial peptides such as serum amyloid A or surfactant protein A, which both have been shown to participate in antimicrobial defense of Gram-positive and -negative bacteria. 40, 50, 60 Overall, our results suggest that AMs and PMNs provide essential chemokines and proinflammatory cytokines to recruit phagocytic immune cells, which are in turn partially dependent on epithelial cell-derived SP-D to entirely eradicate pulmonary pneumococci. We propose that AMs, PMNs, and the lung epithelium are critically dependent on MyD88 signaling and act in concert to coordinate innate immunity against S. pneumoniae. This might have direct implications for other lung infection models such as Staphylococcus aureus, P. aeruginosa, and Haemophilus influenzae, in which the bacterial burden is also critically controlled by myeloid and epithelial cells. 43 and CCSP-Cre mice were provided by Francesco J DeMayo. 37 All the mice used in the experiments were on the C57Bl/6J background, sex-and agematched and of 6-16 weeks of age. Mice denoted as WT mice in Figure 1 were C57Bl/6 mice and in Figures 2-5 were from the CD11c-Cre or CCSP-Cre breeding.
METHODS
To generate BM chimeras, mice were lethally irradiated with 9 Gy. Donor BM cells were transferred intravenous (i.v.) the next day. Engraftment was assessed prior to the experiments 7-8 weeks later in the blood and during the experiment from total lung cells. After 8 weeks of reconstitution mice were taken for infection experiments. Bacterial culture and infection. For infection studies, the S. pneumoniae TIGR4 strain and the luciferase-expressing S. pneumoniae T4X strain 31 (kindly provided by B Henriques-Normark) were used. S. pneumoniae was grown overnight from frozen bead stocks on blood agar plates at 37 1C and 5% CO 2 . The next day single colonies were inoculated into Todd Hewitt broth supplemented with 0.5% yeast extract and grown to mid-logarithmic phase (OD 600 ¼ 0.3) resulting in B1 Â 10 8 CFUs ml À 1 . Appropriate dilutions were made to obtain the desired infectious dose of 0.2 Â 10 6 CFUs for low-dose infections and 2 Â 10 6 CFUs for high-dose infections. CFUs were confirmed by log 10 serial dilutions of the inoculum cultured overnight on blood agar plates. Mice were anesthetized with ketamine (Bela-Pharm, Vechta, Germany)/ xylazine (CP-Pharma, Burgdorf, Germany) , and a total of 20 ml containing the desired CFU of S. pneumoniae in phosphate-buffered saline (PBS) were intranasally inoculated.
Isolation of lung cells and determination of bacterial burden. Mice were killed by CO 2 asphyxiation, and perfused with 5 ml ice-cold PBS. Lung lobes were separated from the trachea, chopped, and incubated in Roswell Park Memorial Institute (RPMI) 1640 GlutaMAX medium (Life/Gibco, Darmstadt, Germany) supplemented with 5% fetal calf serum (Biochrom, Berlin, Germany), containing 2.2 mg ml À 1 collagenase D (Sigma-Aldrich, Seelze, Germany) and 0.055 mg ml DNase I (Roche, Mannheim, Germany) for 45 min at 37 1C. Digestion was stopped by addition of 10 mM ethylenediaminetetraacetic acid (EDTA, pH 7.5), and the lung cell suspension was passed through a 70-mm cell strainer. Aliquots were taken for CFU determination, fluorescence-activated cell sorting (FACS) analysis, and enzymelinked immunosorbent assay (ELISA) of cytokines.
CFU determination was performed by log 10 serial dilution of the aliquot and incubation on blood agar plates overnight at 37 1C and 5% CO 2 . For FACS analysis, the aliquot was pelleted and red blood lysis (150 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA at pH 7.2-7.4) was performed for 2 min at room temperature and stopped by adding phosphate-bovine-azide (PBA) (2 mM EDTA, 0.5% bovine serum albumin, and 0.02% sodium azide in PBS). Lung cells were washed with PBA, and then used for FACS staining. For ELISA, one volume of lung lysis buffer (600 mM NaCl, 4 mM MgCl 2 6H 2 O, 4 mM CaCl 2 2H 2 O, 60 mM TRIS, 2% Triton X-100 (Sigma-Aldrich, München, Germany), and complete protease inhibitor cocktail (Roche) at pH 7.4) was added to the aliquot, and incubated for 20 min at 4 1C. Cell debris was pelleted, and the supernatant was used for ELISA. The concentrations of cytokines in lung homogenates were analyzed using the DuoSet ELISA kits (R&D Systems) according to the manufacturer's instructions.
Flow cytometry. For cell surface marker staining, cells were preincubated with 1% Fc-block in PBA for 10 min on ice, and then washed and incubated with the indicated monoclonal antibody conjugates for 20 min on ice in a total volume of 50 ml of PBA. Dead cells were excluded by 4 0 ,6-diamidin-2-phenylindol (DAPI; Sigma-Aldrich) or ethidium bromide monoazide (EMA; Sigma-Aldrich) staining, and cellular aggregates were excluded by side scatter pulse width. After the staining procedure cells were fixed in 200 ml PBS containing 2% paraformaldehyde for 15 min on ice. After fixation cells were washed and resuspended in PBA and stored at 4 1C until FACS analysis. Samples were acquired on a LSRII (BD Biosciences, Heidelberg, Germany), and analyzed with FlowJo software (Tree Star, Ashland, OR).
Immunohistochemistry. Formalin-fixed lungs were embedded in paraffin, and 1-2 mm sections were cut. Paraffin sections were deparaffinized and subjected to a heat-induced epitope retrieval step.
Slides were rinsed in cool running water and washed in Tris-buffered saline (pH 7.4) prior to incubation with polyclonal anti-MPO (Dako) or with Neufeld antiserum (Statens Serum Institut) for 30 min at room temperature and overnight at 4 1C, respectively. After rinsing, sections stained for MPO were incubated for 30 min at room temperature with biotinylated donkey anti-rabbit (Dianova). For detection, Dako REAL Detection System, alkaline phosphatase/Red (Dako) was used. Alkaline phosphatase was revealed by Fast Red (Dako) as chromogen for 30 min at room temperature. For detection of pneumococci, Dako EnVision þ System-HRP labelled polymer (Dako) was used. Horseradish peroxidase was revealed by diaminobenzidine as chromogen for 5 min at room temperature. Nuclei were counterstained with hematoxylin and slides were mounted with gelatine (Merck Millipore, Darmstadt, Germany).
For detection of RFP, 5 mm sections of cryopreserved lungs were fixed in acetone and incubated with serum-free protein block (Dako). After tapping off the blocking solution, sections were incubated with polyclonal anti-RFP (antibodies online, Aachen) overnight at 4 1C. Slides were rinsed, blocked with donkey serum (Dianova), and incubated with Alexa Fluor 555-conjugated donkey anti-rabbit (Life Technologies). Nuclei were counterstained with DAPI (SigmaAldrich), and slides were mounted with Fluoromount-G (eBioscience).
Negative controls were performed omitting primary antibodies. Images were acquired using an Axio Imager Z1 microscope (Carl Zeiss MicroImaging, Jena, Germany). Positive cells were quantified in 10 high power fields (h.p.f.; 1 h.p.f. ¼ 0.237 mm 2 ). For evaluation of histomorphology, hematoxylin and eosin-stained paraffin sections were scored as follows. The perivascular, peribronchial, and interstitial infiltration of leukocytes was individually scored with 1 as minimal, 2 as mild, and 3 as severe infiltration. The overall inflammation score is the sum of the individual scores. All immunohistochemical evaluations were performed in a blinded manner.
In vivo imaging. Mice were anesthetized with isoflurane carried in 2% O 2 and placed in a supine position in a chamber for imaging with the IVIS Spectrum CT (PerkinElmer, Waltham, MA). For detection of three-dimensional bioluminescent signal, anesthetized mice were first scanned by computed tomography and then S. pneumoniae-derived bioluminescence was detected by the charge-coupled device camera. Analysis was performed with Living Image 4.4 software (PerkinElmer).
BAL and western blot. Mice were killed by CO 2 asphyxiation and BAL was collected by gently lavaging the lung two times with 0.7 ml ice-cold PBS. BAL was centrifuged and the cell-free supernatant was stored at À 80 1C until western blot analysis. Total protein concentration in BAL was measured by bicinchoninic acid assay (Life Technologies). Equal amounts of total protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane (Merck Millipore). Immunoblotting was performed using sheep anti-mouse SP-D and donkey horseradish peroxidase-conjugated anti-sheep IgG, and detected using ECL prime (GE Healthcare, Freiburg, Germany). Chemoluminescence was detected with the ChemoStar Imager (Intas, Göttingen, Germany), and analyzed with ImageJ software (National Institutes of Health, Bethesda, MD).
RNA isolation and quantitative real-time PCR. Total RNA was isolated from FACS-sorted lung cells using the RNeasy Micro kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. cDNA was generated using SuperScript III reverse transcriptase with oligo(dT) [12] [13] [14] [15] [16] [17] [18] 
